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Abstract 
304L stainless steel syntactic foam test specimens were produced by means of injection moulding of feedstock made from pre-
alloyed 304L powder, binder and additions of S60HS micro hollow glass spheres and Fillite 106 cenospheres. After de-binding 
and sintering the foam pore structure and matrix micro-structure were analysed. Mechanical characterisation was done using 
tensile and compression tests. The results of the mechanical tests are discussed in terms of the observed foam and matrix 
microstructures. 
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1. Introduction 
Powder metallurgical production methods like metal powder injection moulding (MIM) are well-suited for the 
production of syntactic foams made from high-melting matrices like steel (Weise et al. (2010)). Because of their 
outstanding compression strength the resulting foam components can be used for the absorption of crash energy with 
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high loads in limited spaces, e.g. at junction points of car components (Peroni et al. (2012)). The mechanical 
behaviour of such syntactic metal foams is determined by the interaction of the metal matrix and the integrated 
hollow spheres. The effect of local stress and strain concentrations can lead to significant variations of the overall 
mechanical foam behaviour in dependence upon the matrix and sphere properties. An example of this is the huge 
observed difference in the tensile elongation of Fe99.7- and FeNi36-foams (e.g. 0.07% and 5.7% respectively) 
although both foams have similar porosity percentage and very ductile matrix alloys (Weise et al. (2013)).  
The aim of the present work was to investigate the mechanical behaviour of syntactic foams with a TRIP-steel 
matrix. Due to the strain-induced austenite-martensite transformation those steels exhibit a high ductility and a 
significant strengthening at the same time – an effect which is especially interesting for the initially localized strain 
in crushed zones of the foam structure (Ehinger et al. (2011), Ehinger et al. (2012)).   
2. Experimental Approach 
2.1. Materials and Processing 
Preparation of the MIM-feedstock started by mixing the components of the binder B32 and 304L pre-alloyed 
powder  in the proportion of 40vol% and 60vol%. The metal powder used was AT304L-PF10 from Epson Atmix 
Corporation (C 0.024%, Cr 18.9%, Ni 9.6%, Si 0.3%) with a mean ∅6µm. In a following step S60HS borosilicate 
glass hollow spheres (3M, mean ∅ 30µm) or Fillite 106 cenospheres (Omya, mean ∅ 100µm) were added in 
amounts to obtain different volume proportions of spheres in the metal matrix: 0% (reference), 20%, 40% and 60%. 
Though only the last composition strictly falls under the definition of foam also materials with lower porosity were 
included into the investigation in order to give better insight into the structure-behaviour-correlations. The two used 
sphere types exhibit different thermal and mechanical stability: S60HS: softening point 600°C, iso-static crush 
strength 1200bar, Fillite106: melting temperature 1200°-1350°C, iso-static crush strength 100-200bar. Merely rough 
density data for Fillite106 was available (0.6-0.8g/cm3), so only an approximate feedstock composition could be 
established (based on 0.6g/cm3, same as for S60HS). 
After sphere addition the feedstock was mixed 1h at 125°C. Injection of dog-bone shaped green parts (Fig. 1) was 
done using a Ferromac FM40 injection moulding machine from Klöckner with a feedstock temperature of 145°C, a 
mould temperature of 42°C and an injection pressure of 28 bars. The green parts were X-rayed and density was 
determined using Archimedes’ method. Chemical debinding was done 48h in hexane at 40°C. Thermal debinding 
was done by slowly heating to 500°C and holding of 1h. Afterwards, the specimens were sintered using two steps: 
one of 3h at 1000°C and one of 1.5h at 1200°C. Green parts and sintered parts were controlled by means of 
radioscopy with respect to the occurrence of faults like pores or cracks. 10 specimens per batch were sintered and 
used for the investigations.   
2.2. Testing 
After production the shrinkage of all specimens was measured along its largest extension. The densities of the 
sintered specimens were determined using two approaches: Archimedes’ method with ethanol and mass and volume 
determination of cylindrical compression test specimens cut out from the sintered parts. This two-fold approach was 
used in order to prevent misinterpretations caused by locally different shrinkage behaviour and by potential residual 
open porosity. The results were compared with theoretical density estimations.  
The mechanical behaviour of the material was evaluated using quasi-static tensile, hardness and quasi-static 
compression tests. Tensile tests were done according with the norm DIN EN 10 002-1 with a Zwick 1476 test unit 
and a strain rate 0.008s-1. The compression test series were performed on cylindrical specimens (height 7 mm, 
diameter 4 mm) in a servohydraulic universal testing machine of type MTS 810 on the principle of DIN 50134 
applying a strain rate of 0.01s-1. Three samples of each composition were used. The compression strength was 
determined using the intersection of the tangent of the quasi-elastic part of the stress-strain curve at the maximum 
slope and the straight line extrapolated from 10-20% strain. The fracture surfaces and the microstructure 
characteristics were investigated by means of SEM using the system FEI-Phenon and the FEG SEM LEO 1530 
GEMINI. Brinell hardness HBW2.5 was determined with Dia Testor 2Rc from Otto Wolpert. 
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3. Results and Discussion 
  
Fig. 1. Sintering shrinkage (green part 89.4mm, reference T0, 2/4/6 – 
20/40/60vol%, “C” – cenospheres, “G” – glass spheres) 
Fig. 2. Comparison of measured and theoretically estimated densities 
of 304L specimens after sintering. 
 
  
Fig. 3. Stress-strain curves of quasi-static tensile tests of 304L syntactic 
foams. 
Fig. 4. Tensile strength and breaking elongation of composites with 
S60HS hollow glass spheres and Fillite 106 cenospheres. 
 
The evaluation of the linear shrinkage showed that it increases with addition of both glass and cenospheres, Fig. 1, 
with a higher increase in the case of the glass spheres. Shrinkage variation is small except for the batch with 60vol% 
S60HS. The density measurements following the geometrical and Archimedes method produced the same results 
except for the batches T4G and T6G. For those batches indications for open porosity were found and the results of 
the Archimedes measurement were discarded.        
Shrinkage as well as density of the 304L-specimens with different sphere types and contents follow the behaviour 
observed for other matrices with similar sintering temperatures as FeNi36 (sintered at 1000°C) and 316L (sintered at 
1200°C) (Weise et al. (2013), Weise et al. (2013)) and the explanation is similar. The lower than theoretical density 
measured for the reference is caused by residual sintering porosity. The higher shrinkages and densities of the 
batches with sphere additions are attributed to the behaviour of the spheres at the sintering temperatures. In the case 
of the S60HS spheres the viscosity of the glass is very low leading to a complete sphere collapse, in the case of the 
cenospheres a softening of the spheres can be expected. Therefore, the surrounding metal powder skeleton can 
shrink more intensely than theoretically estimated. The generally higher densities of the batches with cenospheres 
are contradictory to the observed shrinkage and attributed to the only estimated feedstock composition (verified by 
density measurements of the green parts). 
The stress-strain diagrams of the quasi-static tensile tests show the expected strengthening behaviour and low 
necking tendency for the reference, Fig. 3. In comparison the batches with sphere additions exhibit reduced 
deformation stresses and breaking elongations. The rate of the decrease is declining with increasing sphere content 
(Fig.4). It is interesting to note that for 20vol% sphere additions there is no difference in the deformation stress level 
between S60HS and Fillite 106. It can be assumed that for this sphere content the composite behaviour is dominated 
by the matrix. For higher sphere contents the stress-strain-curves of S60HS and Fillite 106 containing batches are 
diverging. The batches T4C and T6C show higher stress levels but lower breaking elongation when compared to the 
specimens containing S60HS (Fig. 4). The fracture surfaces (Fig. 5) demonstrate the expected intact resp. collapsed 
condition of the cenospheres and the hollow glass spheres. 
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Fig. 5. Fracture surface of foam specimens containing 40vol% S60HS hollow glass spheres (left) and Fillite 106 cenospheres (right) 
 
The stress-strain curves of the compression tests show the typical reduction of stress level and the plateau-
formation with increased porosity, Fig. 6. However, a significantly different dependency trend of the compression 
strength is observed for 304L specimens with glass spheres and cenospheres, Fig. 7. In latter case the strength does 
almost not depend on the spheres content whereas for glass spheres a continuous strength decrease with increasing 
sphere content is exhibited. 
  
Fig. 6. Stress-strain curves of quasi-static compression tests Fig. 7. Compression strength of different MIM-produced syntactic 
foams. 
  
Though the detailed mechanisms leading to the observed effects are still not known an explanation might be 
found in the mechanical interaction of spheres and matrix during the composite deformation: in the case of Fillite 
106 the spheres will act against plastic deformation of the surrounding metal matrix. This increases the overall 
deformation stress level. On the other hand the strain will be concentrated locally in the ductile matrix leading – in 
the case of tensile deformation - to an earlier composite failure. Those effects are not that pronounced for the 
composites with S60HS as the spheres are not intact but have collapsed during the sintering. 
 
Fig. 8. Deformation mechanisms in the cenosphere reinforced foams, a) '-martensite nucleation in the steel matrix at 20 % strain, b) damage 
of a cenosphere at 10 % strain. 
 
Some explanation for the different behaviour could be found in the metallographic investigations of specimens 
after interrupted compression test. The mechanical response of the syntactic foams seems to be controlled by the 
high strain hardening due to '-martensite nucleation in the steel (viz. TRIP effect) preferentially induced in the 
immediate vicinity of the matrix/hollow sphere interfaces (Fig. 8a). At lower compressive strains, the cenospheres 
are mostly still intact even though their internal surfaces are partially fractured (Fig. 8b). 
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Fig. 9. Comparison of Brinell hardness of composites containing S60HS and Fillite 106 hollow spheres. 
 
The Brinell hardness follows the behaviour observed during the other tests – the general hardness level is 
decreasing with increasing sphere content (Fig. 9). No difference between the sphere types can be observed for 
20vol% sphere content whereas for higher sphere contents the hardness of the cenospheres containing foams is 
slightly higher in comparison to the S60HS types. 
4. Conclusion 
In the present work it could be shown that the metal powder injection moulding technology with hollow sphere 
additions allows the production of near-net-shape metal foam components. Both S60HS glass spheres and Fillite 
cenospheres could be used, though only the cenospheres led to a strictly syntactic foam structure.  
As expected the strength and the ductility of the foams are decreased with increasing sphere content. 
Nevertheless, the mechanical properties are on a promising level for several applications like crash energy 
absorption for high intensity loads. Significant differences of the behaviour of foams based on glass spheres and 
cenospheres were observed and are attributed to the mechanical interplay of cenospheres and the matrix with TRIP 
effect. Nevertheless, it will be task of the future to thoroughly acquire a fundamental understanding of the 
deformation mechanisms of such foams.     
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